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EDITED MAGNETIC RESONANCE SPECTROSCOPY DETECTS AN AGE- 
RELATED DECLINE IN NON-HUMAN PRIMATE BRAIN GABA LEVELS 
XUANZI HE 
ABSTRACT 
Recent research had shown a correlation between aging and decreasing Gamma-
aminobutyric acid (GABA) the primary inhibitory neurotransmitter in the brain. However, 
how GABA level varies with age in the medial portion of the brain has not yet been 
studied. The purpose of this study was to investigate the GABA level variation with age 
focusing on posterior cingulate cortex, which is the 'core hub' of the Default mode 
network. In this study, 14 monkeys between 4 and 21 years were recruited and MEGA-
PRESS to measure GABA level in order to explore a potential link between aging and 
GABA. Our results showed that a correlation between age and GABA+/Creatine ratio 
was at the edge of significance (r= -0.523, p=0.081). There was also a near-significant 
trend between grey matter/ white matter ratio and GABA+/Creatine ratio (r = -0.518, 
p=0.0848).  Meanwhile, the correlation between age and grey matter showed no 
significance (r= -0.028, p = 0.93). Therefore, age and grey matter/ white matter ratio 
accounts for different part of R-squared as independent variables for predicting GABA 
levels. These finding suggest that there the internal neurochemical variation of GABA 
levels in the nonhuman primate is associated with normal aging and brain structural 
decline. 
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INTRODUCTION 
Purpose of this study 
The current study was meant to develop a Matlab tool for Region of interest (ROI) Co-
registration in the structural image. This project also focused on examining the 
relationship between GABA concentration and aging.  
 
Background 
As we age, the brain undergoes gradual functional and cognitive declines; aging is 
associated with neurochemical alterations in the central nervous system and cortical 
disruptions. γ-aminobutyric Acid (GABA) concentration, the primary inhibitory 
neurotransmitter in the brain and plays an integral role in metabolism and neuronal 
activity. GABA dysfunction implicates diverse physiological and neurological diseases, 
such as schizophrenia (Kegeles et al., 2012), ADHD (Edden et al., 2014). Various 
researches reported cognitive deficiencies like motor decision speed (Sumner et al., 2010) 
and tendency for cognitive failures (Sandberg et al., 2014). Although some previous 
studies represented age-related GABA declines (Gutierrez, et al., 1994; Hua et al., 2008; 
Leventhal et al., 2003; Stanley et al., 2012), the age-related GABA concentration 
inclusive research hasn't been conducted yet to the best of our knowledge. One of the 
advantages of using non-human primates as subject is that the non-human primate never 
develops Alzheimer disease, which means that monkeys are the ideal subject for normal 
aging research. Therefore, characterizing the age-dependence of GABA concentration 
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using non-invasive MRS is potentially vital for understanding the mechanism of normal 
aging, which is the purpose of the current study. Aging has also been demonstrated to be 
related to cortical network disruption in structures such as precuneus, retrosplenial and 
posterior cingulate cortices (Buckner et al., 2004). Moreover, previous research has 
shows aging influenced Default mode network (DMN), which is an essential neuronal 
network underlying brain functions (Buckner et al., 2008; Anticevic et al., 2012). For the 
present study, to date the most relevant and recent study used MEGA-PRESS for GABA 
detection localized on human frontal and parietal cortex. Their results demonstrated age-
related GABA+ decline trend in those two cortical areas. Comparatively, we focused on 
posterior cingulate cortex since it is the "core hub" of default mode network (Fransson et 
al., 2008). In this study, J-edited MR proton spectroscopy was utilized to explore 
influences of age on GABA levels focusing on posterior cingulate cortex, and also the 
effects of grey matter fraction.  
 
Magnetic resonance spectroscopy Basics 
Magnetic resonance spectroscopy (MRS) is a technique based on the same principle of 
Magnetic resonance imaging (MRI) of detecting water movement in vivo, which is the 
main purpose of MR spectroscopy. The qualification of biochemical substances is 
realized via distinguishing the identity (pattern) and concentration (spectral peaks) of 
resonance. 1H MRS is widely used in brain research, as water is the most common 
compound in human body. As shown in Figure 1, chemical shift and J-coupling render 
every biomedical component their own particular spectral pattern and peaks. Those 
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chemically specific frequencies provide identification features like finger prints. The 
spectral information of individual metabolite could be tested out experimentally. The 
disentanglement of different spectrum is obviously a tough question because the overlaps 
between each single component spectrum are huge due to the limited spectral dispersion 
and line width. Approximate reproduction of the whole spectrum using basic metabolites 
sum serves as the criterion of the reliable qualification. Typically, Cramer-Rao lower 
bound (CRLB) is treated as a qualification standard, which describes the lowest possible 
standard deviation of all unbiased model parameter estimates. Many MRS processing 
algorithms uses CRLB as quality measure, while some of them like Gannet uses other 
standard such as Standard Deviation of residual. The divergence stems from fitting 
performance on interpolated data. As such, it is not possible to treat the data points as 
independent or derive a CRLB. The residuals are not the same as CRLBs but can be 
treated in a similar way as indications of the quality of the measurement.  
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Figure 1: The different spectrum of various neurochemical components (Charlotte 
et al., 2013) 
 
GABA detection using MEGA-PRESS 
GABA concentration detection is comparatively tough as it's an order of magnitude lower 
than other metabolites. Therefore, using standard single voxel techniques is not practical 
due to the overlap of GABA and other metabolites mainly Creatine (Figure 1), whose 
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amount is much larger than GABA around 3.0 ppm. Meanwhile, another vital 
characteristic of MRS spectrum, spin-spin coupling (J-coupling) provided the important 
clue for disentangling the GABA signal from other metabolites. The so-called multiplets 
in MR spectrum stem from the neighboring spin interaction. Although the broader 
footprint and lower peak intensity caused by J-coupling leads to the difficulty of GABA 
detection, the coupling of GABA signal around 3.0 ppm with the signals at 1.9 ppm (the 
first and second peak from left), differentiate itself from other major signals at 3.0 ppm, 
which are not coupled with the signal at 1.9 ppm. The edited GABA detection utilized 
this feature by applying a frequency-selective (edited) pulse on 1.9 ppm, indirectly 
influencing the GABA signal on 3.0 ppm while the other signals on 3.0 ppm are not 
affected.  
 Consequently, the difference between Edited-pulse ON at 1.9 ppm and Edited-pulse OFF 
version will illustrate merely the signals influenced by the Edited-ON pulse. The 
resulting edited spectrum filters out majority signal at 3.0 ppm, which is not coupling 
with the signal at 1.9 ppm. Among many of the spectral editing methods, MEscher-
GArwood Point RESolved Spectroscopy (MEGA-PRESS) is widely used for GABA 
quantification due to its simplicity of implementation. As the name implies, MEGA-
PRESS adds two frequency-selective editing pulses on the PRESS single-voxel MRS 
experiment.  
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METHODS 
The workflow chart 
For examining the relationship between GABA Creatine ratio and aging, precise 
measurements for both variables had been previously designed (Figure 2). For the grey 
matter/ white matter ratio, both Volume-of-Interest (VOI) localization and segmentation 
were also required for a sound assessment. We chose the MEGA-PRESS specialized tool 
Gannet v2.0 (MLA Mullins, Paul G., et al., 2014) for GABA/Creatine ratio 
measurement.  
 
Figure 2: the workflow chart 
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Subjects 
Sixteen aging Rhesus monkeys (Macaca mulatta) that were part of ongoing studies of 
normal aging at Boston University in June to November of 2012 were imaged. All 
monkeys (age: range 4-21, mean = 15.5 +- 6.07 years) had complete medical and birth 
records and will in good health. 
 
MRI and MRS acquisition 
 All subjects were scanned on a 3 T scanner (Philips ‘Achieva’ TX, 
Best, The Netherlands) using an eight-channel phased-array head coil receiver. T1-
weighted three-dimensional FFE images were obtained with the following 
parameters:  TE = 3.163 ms; slice thickness = 0.6 mm; matrix 256 × 256; and flip angle = 
8°. The volume of interest (VOI) with a size of 10 × 30 × 35 mm
3
 was chosen in medial 
brain, focusing on posterior cingulate cortex. The median sagittal plane was chosen as a 
reference slice for voxel localization: the VOI was arranged to keep away from the 
ventricles and skull, as they might influence the result of MRS.  
 
MRS setting 
The GABA concentration was measured using a MEGA-PRESS sequence (Mescher et al., 
1998), and the parameters are as following: TR 2000ms; TE 68 ms; 16 averages; sample 
frequency 2000 Hz and 16 ms editing pulses alternating at 1.9 and 7.5 ppm to separate 
the GABA molecule from other chemicals.  The deficiency of standard single voxel 
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techniques had been improved by utilizing an editing pulse (EDIT-ON) at GABA spins at 
1.9 ppm to separate the GABA signal from the other metabolites like Creatine at 3.0 ppm. 
While EDIT-OFF referred to the pulse applied to somewhere else other than 3.0 ppm. 
The difference between the EDIT-ON and EDIT-OFF spectra yield those peaks affected 
by the editing pulses. Because the contribution of macromolecules (MM) couldn't be 
excluded completely as restrained by the fitting limitations, so in the following part of 
this manuscript, the signal detected at 3 ppm is labeled as GABA+ instead of GABA, 
indicating the potential occurrence of these other compounds. GABA+ concentration was 
quantified from the MEGA-PRESS specialized tool Gannet v2.0, which fit the GABA+ 
model into Gaussian distribution. GABA+ qualification was calculated with the area 
under the curve. GABA+ levels were measured via GABA+/Creatine ratio. Creatine (Cr) 
performs an adequate reference because of the common location of original of the GABA 
and Cr signals, which comes from the EDIT-OFF MEGA-PRESS spectra.  
 
The VOI localization 
Volume-of-Interest (VOI) were co-registered to the structural images via two methods: 
the ‘Recreation of VOI’ Matlab tool (Montelius et al., 2008) and mri_locateSOVI Matlab 
tool (Chen C. 2013) in order to confirm the accuracy of VOI creation. The former created 
the plane-line intersection for calculating the eight points and then created the twelve 
lines of VOI, while the latter method provided lines at first before intersection computing. 
The VOI calculation results were quite similar. The latter method was chose for latter 
analysis as co-registration method because of its simplicity and better mask creation, 
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which meant generating straighter lines on the edges (Figure 16 & Figure 17). The Grey 
Matter (GM) fractions were computed via the GM volume to the White Matter (WM) 
volume in VOI. Other grey matter indexes are the ratio between GM volume and the 
whole brain volume, and the ratio between GM volume and the volume of VOI.   
The brain components segmentation 
In general, we followed the BET-FLIRT-FAST pipeline from FSL package (Oxford 
University, Oxford, UK) (M. Jenkinson & S.M. Smith, 2001). BET (Brain Extraction 
Tool) erases all the areas outside of brain from a whole brain image, such as T1 or T2 
images (M. Jenkinson et al., 2005).  FLIRT  (FMRIB's Linear Image Registration 
Tool) is the automatic tool for intra- and inter-modal linear (affine) brain image 
registration (M. Jenkinson and S.M. Smith, 2001). The second step, FLIRT is not 
required for human brain imaging processing but it is an essential step for monkey brain 
imaging processing before FAST, due to the variability of monkey brain.  FLIRT could 
improve the accuracy of image-template-registration, therefore enhancing the following 
processing step. Lastly, FAST (FMRIB's Automated Segmentation Tool) divides an 
structural brain image into different tissue types (Grey Matter, White Matter, CSF, etc.), 
while also correcting for bias field or RF inhomogeneities (Zhang et al., 2001.) To be 
more specific, the procedure had been done as following: The T1-weighted brain images 
had been chopped margin beside brains using the 'chopmargin' Matlab tool as a 
preparation procedure for skull-stripping via BET (Brain Extraction Tool) from FSL 
package (Oxford University, Oxford, UK) (M. Jenkinson & S.M. Smith, 2001). We used 
3mm FWHM as smoothing for creating each monkey's templates (McLaren DG, et al., 
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2008). We opted to use the Rhesus Macaque Atlases from Wisconsin ADRC imaging 
group because it already had an extended group of users. The structural T1 and grey-prior 
templates from this template set were firstly rotated according to the orientation of the 
monkey samples, then the brain image registration tool FLIRT (FMRIB's Linear Image 
Registration Tool) was used to produce customized templates considering the variation of 
monkeys' brain. At last, the T1-weighted monkey brain images were segmented as grey 
matter (GM), white matter (WM), or cerebrospinal fluid (CSF) by FAST (FMRIB's 
automated segmentation tool) (Zhang et al., 2001) from FSL package, while 
standardizing to the customized template produced from FLIRT.  
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RESULTS 
GABA measurement qualification 
One of the examples of the GABA spectrum is shown on the Figure 3 and Figure 4. The 
quality control of Gannet is Standard Deviation of residual, and the baseline of references 
modeling served as vital foundation of success modeling GABA concentration. Three 
monkeys (Kaque, Lily and Moose) GABA spectra were excluded from further statistical 
analysis due to low model fitting as the Fit Error (Cr) excesses 45% in those cases (The 
definition of Fit Error is the standard deviation of the residuals expressed as a percentage 
of the signal height). The remaining monkeys' GABA concentration ranged from 0.06 to 
0.1 (mean=0.08, sd = 0.01).  
 
Figure 3: The original GABA+ spectrum editing results: the upper left panel shows 
the processed GABA-edited difference spectrum (EDIT-OFF- EDIT-ON= DIFF), which 
is the primary output of the GannetLoad module.  Green spectrum is the one before 
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frequency and phase correction, while blue spectrum is the one after frequency and phase 
correction.  The top right panel demonstrates that the frequency of the maximum point in 
the residual water signal plotted against time. This plot provides qualitative information 
on the stability of the experiment whether field drift (a non-zero slope in this trace), 
subject motion (movement as a discontinuity in the trace) etc. The bottom left panel 
shows the Cr signal variation thorough the whole experiment, y-axis represents the 
frequency of Cr signal (ppm), the intensity had been registered with color scale, so the Cr 
signal appears as 'hot' stripe through the plot. The lower half stripe should be more evenly 
horizontal compared the upper half stripe due to the frequency and phase correction. 
 
 
Figure 4: corresponding model fitting of GABA and Creatine spectrum peak: this 
plot represents the GABA signal modeling (GannetLoad output) blue line is actual 
GABA-edited spectrum while the red one is the model of best fit (using a simple 
Gaussian model by default). The residual between these two is displayed in black below 
the modeling plot. The bottom panel is the Cr signal from the OFF spectrum. 
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Statistical results 
 
The outlier examination 
Two outliers had been excluded from further analysis based on Weisberg t-test, which is 
a powerful outlier test at small values of n. The GABA/Creatine ratio of one monkey is 
much higher than the other monkeys (0.14 compared to mean of all other monkeys- 
0.0784), another monkey had aberrant value of grey matter (2.26E+04 compared to a 
mean of all other monkeys- 18953). Monkey named Sophie has two records of GABA 
excitation, the second time scan which was 15 days later than the first scan. We chose the 
record from the same terminal as other monkey (Longitudinal terminal while the other 
one came from the DSI terminal). 
 
Correlation and Linear models 
The correlation between age and GABA+/Creatine ratio was a margin at the edge of 
significance (r= -0.523, p=0.081)(Figure 5). There was also a near-significant trend 
between grey matter/ white matter ratio and GABA+/Creatine ratio (r = -0.518, 
p=0.0848)(Figure 6). Concerning the quantification of grey matter, all three methods 
(GM/WM ratio, GM/(GM+WM) ratio and grey matter/the amount of VOI voxel) 
demonstrated strong correlation with each other, as shown in Table 1.  
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Figure 5: The correlation between GABA/Cr ratio and age 
 
 
Figure 6: The correlation between GABA/Cr ratio and GM/WM ratio 
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Table 1: The correlation table between different measurements of grey matter 
 
 GM / VOI voxel amount GM/(GM+WM) 
GM/WM ratio r = 0.98***** r =1.00** 
GM / VOI voxel amount  r =0.99*** 
 
Compared to GM/WM ratio, the grey matter in VOI voxel amount serves as a more direct 
index of GM. The correlation between it and GABA+/Creatine ratio reached a 
considerable trend toward significance (r= -0.553, p= 0.06)(Figure 7). Meanwhile, the 
correlation between age and grey matter showed no significance (r= -0.028, p = 0.93) 
(Figure 8). The results suggested a general linear model using both age and grey matter/ 
white matter ratio as independent variables, which accounts for different part of R-
squared (Table 2.1) for predicting GABA+ level. The R-squared reached 0.5 when using 
grey matter/the amount of VOI voxel and age as independent variables instead of 
GM/WM ratio (Table 2.2). Both model satisfied all the hypothesis of linear regression.  
 
 
 16 
 
 
Figure 7: The correlation between GABA/Cr ratio and VOI GM  
 
 
Figure 8: The correlation between age and GM/VOI 
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Table 2.1: a general linear model use age and grey matter/ white matter ratio as 
independent variables for predicting GABA+ level. 
 
TABLE 2.1 
Multiple Regression Analysis (N=12) 
Independent Variable: GABA/Creatine ratio 
Estimate     Std. Error (S.E.)     t value        Pr(>|t|)      
(Intercept)                                     0.1392778       0.0181196            7.687       3.04e-05 *** 
age                                                -0.0011552       0.0004471           -2.584         0.0295 *   
GM/WM                                       -0.0495340       0.0193492           -2.560          0.0307 *   
Signif. codes:  0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘ ’ 1 
Residual standard error: 0.008979 on 9 degrees of freedom  
Multiple R-squared:  0.5796, Adjusted R-squared:  0.4862  
F-statistic: 6.205 on 2 and 9 DF,  p-value: 0.02024  
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Table 2.2: a general linear model use both age and GM/VOI as independent variables for 
predicting GABA+ level. 
 
TABLE 2.2 
Multiple Regression Analysis(N=12) 
Independent Variable: GABA/Creatine ratio 
  Estimate       Std. Error (S.E.)     t value     Pr(>|t|)           
(Intercept)                                    0.1846005       0.0335392           5.504     0.000378 *** 
age                                               -0.0011125       0.0004378          -2.541    0.031641 *   
GM/VOI                                      -0.1996193       0.0745551          -2.677    0.025311 * 
Signif. codes:  0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘ ’ 1 
Residual standard error: 0.008806 on 9 degrees of freedom 
Multiple R-squared:  0.5956, Adjusted R-squared:  0.5058  
F-statistic: 6.629 on 2 and 9 DF,  p-value: 0.017 
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TOOL DEVELOPMENTS 
 
For the purpose of making the proper monkey segmentation and template-registration, 
two tools and two existing scripts had been developed/edited before the standardized VOI 
localization and brain components segmentation.   
 
Margin chopping tool for skull-stripping optimization 
The Matlab tool ('chop-margin') was made for chopping all the margins around the brain, 
for better BET results. This tool will ask the user to input the relative position (Right-Left; 
Anterior-Posterior; Superior-Inferior) based on the preview of the image produced by the 
script, then all the margin's pixel value would be set to zero beyond the customized 
region. The orientation of the generated image won't be changed during this procedure. 
The created chopped brain image (Figure 9) will pop out after entering all the required 
coordinate information of margin. While using the original NIFTI file as input generated 
a low-quality BET skull-stripping output, the method turned out to be effective for 
solving this problem. 
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Figure 9: The brain chopping result from three different views 
 
Template rotation tool – for segmentation optimization  
 
Another issue of monkey imaging processing is creating customized templates for precise 
segmentation. In regards to this, it is indispensable to adjust the direction of each 
monkey's brain to the template before template registration. 
There are some other special features concerning monkey imaging acquisition. Obviously, 
monkeys did not voluntarily attend the experiment; therefore the three-dimensional 
subject-referred coordinate had been changed due to all the monkeys were lying down on 
their stomach while scanning (Figure 10). The alternations were as following: Right-Left 
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and Anterior-Posterior orientation flipped, while Foot-Head direction remains the same. 
This irregular positioning raised an adjustment problem for the template to become 
consistent with our monkey image's direction. The following Figure 11 showed how the 
template flipped (Figure 12) to act in line with the direction of the monkey image. This 
procedure was done by a 180-degree flip on y axis. Flipping 180 on any axis is a special 
case as it only needs modification the affine matrix by multiplying -1. On the other hand, 
for other general degree rotation, the specific transposition matrix is essential. 
Accordingly, two separate codes were developed for only 180-degree rotation and 
general angle rotation for convenience. Additionally, another script was developed to 
center the cross-line in viewing window for better comparison. For later usage, the inner 
transposition matrix could also be altered for any other possible rotation requirement.  
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Figure 10: The original monkey brain 
 
 
Figure 11: The original T1-template from Wisconsin ADRC imaging group 
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Figure 12: The rotated T1-template 
 
The VOI localization tools 
The real world 
Volume-of-Interest co-registration is 'the issue which never dies'. The perfect 
reconstruction compared to the screen-shot of VOI setting is not easy and that's almost 
unfeasible considering that the basic unit of the T1-weighted image is not infinitely small, 
in other words, the resolution of the image has limitation. Hence, producing absolute 
straight lines in any direction other than the perpendicular 3-plane is impossible because 
voxel could not be cut into two parts as that's the smallest unit in 3D imaging.   
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Figure 13: Demonstration of the resolution problem: as the line intersects the cube 
(voxel), the precise point could not be preserved because cube per se is the smallest unit, 
any further segmentation cannot be calculated. 
 
Two different methods  
mri_locateSOVI tool 
Volume-of-Interest (VOI) was co-registered to the structural images via two methods: the 
‘Recreation of VOI’ Matlab tool (Montelius et al., 2008) and 'mri_locateSOVI' Matlab 
tool (Chen C. 2013). The former created the plane-line intersection for calculating the 
eight points and then created the 12 lines of VOI, while the latter method provides lines 
at first before intersection computing (Figure 13). The latter one serves as a better 
solution for the following reasons: 1. Only three underlying script (SPAR_info, spm_vol, 
spm_read_hdr) are demanded at the beginning of this script, basically merely for data 
input; 2. The logic is clearer and easy to understand (Figure 14); 3. No need to consider 
the rotation for the input image, which is required in the first method (‘Recreation of 
VOI’). 
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Figure 14: mri_locateSOVI flowchart 
 
Recreation of VOI tool 
If ‘Recreation of VOI’ is needed for confirmation, or preferable compared to the second 
method, the following are worth noting. First, Nifti file's coordinate is RAS (Right-
Anterior-Superior); second, this tool defaults the third dimension of the input image into 
slices, which is not always the case. This is true only when the VOI was set on the 
transverse plane. In our situation, the VOI was set on the sagittal plane, so the first task is 
making a rotated copy of the original image for the later stage-mask creation. Usually, 
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VOI setting are placed on the sagittal plane in order to avoid the ventricle system, so no 
need to alter the code if that's the case. If it is placed on coronal plane, the copy has to be 
changed in another dimension. More details could be found in Montelius's paper in 2008.  
 
Verification 
Use the MRIcro tool. First, import the Nifti structural image and mask image, create the 
corresponding Analyze type of images. At last, overlay the mask Analyze image after 
load the T1 image. 
 
The imaging processing pipeline 
According to the particularity of monkey imaging processing, there are two specific 
procedure based on the standard BET-FAST pipeline for human being segmentation. The 
modified version is: Margin-chopping -- BET--- FLIRT (customized template) --- FAST 
(using grey matter template for registration)(Figure 15). Firstly, Margin chopping tool 
will facilitate the skull-stripping (BET) result. FLIRT procedure is a little bit tricky. 
Using each monkey's brain image (BET) as 'template' to creates the customized atlas 
template and grey matter template, and then only uses the grey matter template as 
standard to input FLIRT transformation in FAST segmentation step. 
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Figure 15: The imaging processing pipeline flowchart 
 
 
 
 
Figure 16: The output of Recreation of VOI tool 
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Figure 17. The output of mri_locateSOVI tool 
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DISCUSSION & CONCLUSION 
 
The most substantial finding of this study was a decrease trend of GABA+ levels with 
increasing age and increasing grey matter- white matter ratio in medial brain region of 
normal monkeys ranging from 4 to 21 years old. Moreover, age and grey matter tissue 
fraction does not correlate with each other, which means they are individually associated 
with GABA+ concentration in medial portions of the brain.  
 
Considerable research suggests that the GABA reduction might be the cause of various 
cognitive disorders such as memory loss. However, to the best of our knowledge, only a 
handful of MRS studies have scrutinized direct age-related changes in GABA 
concentrations and most of them were performed on human being and other animal 
models. Although there are some studies that found no correlation between GABA 
concentration and aging (Goddard et al., 2001), they suffered from the low statistical 
power and those findings were not the main purpose of those studies.  
 
The major inhibitory interneurons are engaged in GABA and therefore presumably the 
GABA reduction with aging implies GABAergic neuron loss during aging. This study 
offers little insight, as GABAergic neuronal detection is likely to not be applicable on a 
general brain segmentation level.  
 
Although the precise measurement of GABA concentration is relatively tough, many 
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studies had demonstrated that the GABA concentration in grey matter is significantly 
higher than it in white matter. We chose grey matter / white matter ratio as the index of 
grey matter fraction, and it showed significant negative correlation with GABA+ 
concentration. Although there are no correlations or positive correlation between GM 
fraction and GABA+ concentration in previous studies, the VOI and parameter settings 
diverges. It is also tough to compare GABA+/Cr ratios between this and the previous 
studies, as dissimilar measurements and parameters, as well as VOI setting were utilized.  
 
Aging gives rise to degeneration of brain functions such as learning and memory. Aging 
has also been illustrated to be related to various brain structural and functional changes. 
Posterior cingulate cortex (PCC) became the focus of aging research as previous studies 
indicated metabolic reduction in the posterior cingulate cortex in early Alzheimer's 
disease (Minoshima et al., 1997). Moreover, the crucial role of PCC had been showed by 
previous PET study that the metabolic activity in posterior cingulate cortex is higher than 
any other cortical areas in resting-state functional MRI (Gusnard and Raichle, 2001). 
Additionally, the discriminating strong inherent signal alternation appeared compared to 
other general DMN region in low-frequency signal exposure (Fransson, 2005). Although 
the importance of PCC for DMN has been well explored, to date the relationship between 
GABA+ concentration and PCC, which is the pivotal node for DMN (especially in aging 
condition) haven't been conducted. Our results are not overly surprising that decline of 
GABA+ concentration in PCC is associated with aging based on the previous studies 
implying this possibility.  
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Our study suffers from several limitations. One of the most well-known deficiency of 
MEGA-PRESS is that macromolecule signals could not be excluded from the editing 
pulse method and then the GABA signals is merged with macromolecule signals. For our 
study, the pure GABA detection is technically impossible. Another issue from the 
methodological aspect, relatively large voxel size（3×3×3 cm3） is required, the specific 
region information might be ignored. Lastly, the protocol of this study did not contain 
non-suppressed water scans; as a result we could only use metabolite as internal standard 
rather than using water as reference. In sum, the results of this study suggest brain 
GABA+/Cr ratios decreases with age and GM fraction in the medial brain, focusing on 
posterior cingulate cortex. Further studies may be able to associate aging and GABA 
concentration based on DMN functions, and aid in the development of new clinical 
outcomes. 
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Appendix I. margin-chopping 
 
    function [copy] = chop(File) 
     
    cd D:\ProgramFiles\MATLAB\R2013a\toolbox\NIfTI_20140122 
     
    [File,Path]=uigetfile('*.nii','Select a nii file chop margin'); 
     
    nii = load_nii(File); 
     
    view_nii(nii); 
     
    copy = nii; 
     
    z= size(copy.img,3); 
    y= size(copy.img,2); 
    x= size(copy.img,1); 
     
    %==============x line=================== 
    le = input('Give the "left" of the brain in mm: '); 
    ri = input('Give the "right" of the brain in mm: '); 
    %==============y line================== 
    su = input('Give the "superior" of the brain in mm: '); 
    in = input('Give the "inferior" of the brain in mm: ');   
    %=============z line================= 
    an = input('Give the "anterior" of the brain in mm: '); 
    po = input('Give the "posterior" of the brain in mm: '); 
     
    %anterior-posterior chopping 
    copy.img(:,:,an:z)=zeros(x,y,z-an+1);  
    copy.img(:,:,1:po)=zeros(x,y,po); 
     
    %Inferior_superior chopping 
    copy.img(:,su:y,:)=zeros(x,y-su+1,z); 
    copy.img(:,1:in,:)=zeros(x,in,z); 
     
    %left-right chopping 
    copy.img(ri:x,:,:)=zeros(x-ri+1,y,z); 
    copy.img(1:le,:,:)=zeros(le,y,z); 
     
    view_nii(copy) 
     
    save_nii(copy,'new_chopped.nii');  
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Appendix II. template rotation alternation 
 
 
    [File,Path]=uigetfile('*.nii','Select template image to match'); 
     
    nii = load_nii(File); 
     
    %z&x axis 45 degree ccw 
    %T = [cos(pi/2) 0 -sin(pi/2); 0 1 0; sin(pi/2) 0 cos(pi/2)]; 
     
    %y&z axis 45 degree ccw 
    T = [1 0 0; 0  cos(pi/4) -sin(pi/4);0 sin(pi/4) cos(pi/4)]; 
     
    rl = load_untouch_nii(File); 
    old_xyz = [rl.hdr.hist.srow_x(1:3);rl.hdr.hist.srow_y(1:3);rl.hdr.hist.srow_z(1:3)]; 
    new_xyz = T * old_xyz; 
    rl.hdr.hist.srow_x(1:3) = new_xyz(1,:); 
    rl.hdr.hist.srow_y(1:3) = new_xyz(2,:); 
    rl.hdr.hist.srow_z(1:3) = new_xyz(3,:); 
    save_untouch_nii(rl, 'rl30.nii'); 
    reslice_nii('rl30.nii', 'r90_yz1.nii'); 
    rl30b = load_nii('r90_yz1.nii'); 
    view_nii(rl30b); 
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Appendix III. VOI Co-Registration 
 
    function mask = mri_locateSVOI_final 
    % MRI_LOCATESVOI creates an mask for locating the spectroscopic VOI in axial 
MR images.  
    % Axial MRI localiser were acquired before single voxel MRS. 
    %  
    % ARGS : 
    % SPAR_info = spectroscopy header information from .SPAR 
    %  
    % RETURNS: 
    % mask = a mask for locating the spectroscopy VOI in MR images.  
    %The mask has the same size as the MR image localiser.  
    %The voxels correspoinding to spectroscopy VOI is assigned with value 1;  
    %otherwise, the voxel value is set to be 0.  
    % 
    % EXAMPLE:  
    % >>SPAR_info = mrs_readSPAR('sub1_MRS.SPAR'); 
    % >>voi_mask = mri_locateSVOI(spar_info, par_info); 
    % >>mri_data = mri_readIMG('sub1_MPRAGE.hdr'); 
     
    % t1 image will be used for co-registration, which is not related to the 
    % image per se, but the localization info for creating mask. whilepveseg 
    % is the real image required for segmentation result.  
     
    %% tailored for the monkey *nifti* data: [130 256 256] 
     
    [t1File,t1Path]=uigetfile('*.nii','Select T1 image'); 
    [SFile,SPath]=uigetfile('*.SPAR','Select SPAR file'); 
    [PFile,PPath]=uigetfile('*.nii','Select pveseg image from fast results'); 
     
    cd D:\ProgramFiles\MATLAB\R2013a\toolbox\new_bet_monkey\second_method 
    addpath(SPath); 
    addpath(t1Path); 
     
    SPAR_info = mrs_readSPAR([SPathSFile]); 
    V=spm_vol([t1Path t1File]); 
    H=spm_read_hdr([t1Path t1File]); 
       
    % calculating the voi size 
    if SPAR_info.CSI==0 
    svoi_size = SPAR_info.size;% rlapfh, mm 
    else 
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    svoi_size = SPAR_info.FOV;% rlapfh, mm 
    end 
     
    % mri space size- for creating the corresponding lines 
    mri_dim = V.dim; 
    mri_vox = H.dime.pixdim(2:4); 
    mri_size = mri_dim.*mri_vox;   % rlapfh mm 
     
    SPAR_info.angulation(1) = -SPAR_info.angulation(1); % lr angulation change 
    SPAR_info.angulation(2) = -SPAR_info.angulation(2); % ap angulation change 
    % the angulation info for both SPAR & T1 
    svoi_ang = SPAR_info.angulation*pi/180; % rlapfh 
     
    % rotation function 
    rot_rl = @(ang)[1 0 0;0 cos(ang) -sin(ang);0 sin(ang) cos(ang)]; 
    rot_ap = @(ang)[cos(ang) 0 sin(ang);0 1 0;-sin(ang) 0 cos(ang)]; 
    rot_fh = @(ang)[cos(ang) sin(ang) 0;-sin(ang) cos(ang) 0;0 0 1]; 
     
    c=0; 
    for x=[1, -1] 
    for y=[1, -1] 
    for z=[1, -1] 
    c=c+1; 
    corner = 0.5*svoi_size.*[x y z];  
    svoi_corners(c,:)=corner; 
    end 
    end 
    end 
     
    svoi_corners=(rot_fh(svoi_ang(3))*svoi_corners')'; 
    svoi_corners=(rot_ap(svoi_ang(2))*svoi_corners')'; 
    svoi_corners=(rot_rl(svoi_ang(1))*svoi_corners')'; 
     
    % voi corner adjustment according to the VOI space 
    svoi_offcentre=SPAR_info.offcentre; % lrapfh  
    svoi_offcentre = svoi_offcentre.* [-1 -1 1]; % lrapfh 
    svoi_corners=svoi_corners+repmat(svoi_offcentre,8,1); 
     
    % svoi to MRI space 
    center = [V.dim(1)/2, V.dim(2)/2,V.dim(3)/2, 1]; % lrapfh  
    mri_offcentre = V.private.mat(1:3,:)* center' + [0, H.dime.pixdim(3)/2, 
H.dime.pixdim(4)/2]'; 
     
    % msvoi_corners = svoi_corners+repmat(mri_offcentre',8,1); 
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    % msvoi_centre = svoi_offcentre+mri_offcentre'; 
     msvoi_corners = svoi_corners-repmat(mri_offcentre',8,1); 
     msvoi_centre = svoi_offcentre-mri_offcentre'; 
     
    disp('* 8 corners of Spectroscopic voxel in Imaging space: '); 
    disp(msvoi_corners) 
    disp('* Centre of Spectroscopic voxel in Imaging space: '); 
    disp(msvoi_centre) 
     
    % create mask  
    mask=zeros(mri_dim(1),mri_dim(2),mri_dim(3)); % zeros matrix filling the MRI 
space 
        
    % rl --> x, around the x-axis(lr-axis) 
    % ap --> y, around the y-axis (ap-axis) 
    % fh --> z, around the z-axis (hf-axis)  
    % generating a equally spaced vector has unit equals to each voxel in 
       % MRI space 
    xs = linspace(-mri_size(1)/2, mri_size(1)/2, mri_dim(1)+1)+mri_vox(1)/2; % rl 
    ys = linspace(-mri_size(2)/2, mri_size(2)/2, mri_dim(2)+1)+mri_vox(2)/2; % ap  
    zs = linspace(-mri_size(3)/2, mri_size(3)/2, mri_dim(3)+1)+mri_vox(3)/2; % fh 
     
    for plane = 1:6 % 6 planes of Spectroscopic VOI, use 3 points to localize one plane 
    if plane == 1 % -x plane 
    p1 = msvoi_corners(1,:);p2 = msvoi_corners(2,:);p3 = msvoi_corners(3,:); 
    elseif plane ==4 %+ x plane 
    p1 = msvoi_corners(5,:);p2 = msvoi_corners(6,:);p3 = msvoi_corners(7,:); 
    elseif plane == 2 %-y plane 
    p1 = msvoi_corners(1,:);p2 = msvoi_corners(2,:);p3 = msvoi_corners(5,:); 
    elseif plane ==5 %+y plane 
    p1 = msvoi_corners(3,:);p2 = msvoi_corners(4,:);p3 = msvoi_corners(7,:); 
    elseif plane ==3 %-z plane 
    p1 = msvoi_corners(1,:);p2 = msvoi_corners(3,:);p3 = msvoi_corners(5,:); 
    elseif plane ==6 %+z plane 
    p1 = msvoi_corners(2,:);p2 = msvoi_corners(4,:);p3 = msvoi_corners(6,:); 
    end 
     
    A=cat(1,p1,p2,p3); % A= [p1; p2; p3] 3*3 matrix 
    b = [1; 1; 1]; 
    v=A\b;  
     
    cv = sum(v.*msvoi_centre')-1;   
     
    for x = 1:mri_dim(1) 
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    Px = xs(x); 
    for y = 1:mri_dim(2) 
    Py = ys(y); 
    for z = 1:mri_dim(3) 
    Pz = zs(z); 
     
    if  cv < 0 && (v(1)*Px+v(2)*Py+v(3)*Pz-1)<0 
    mask(x,y,z)= mask(x,y,z)+1; 
    elseif cv > 0 && (v(1)*Px+v(2)*Py+v(3)*Pz-1)>0 
    mask(x,y,z)= mask(x,y,z)+1; 
    end 
    end    
    end 
    end 
    end 
     
    % if centre of the MRI voxel is one the same side 
     % of plane as the centre of spectroscopic VOI for all planes 
    mask = mask > 5; 
    %mask(mask1); 
    mask = flipdim(mask,1); 
    mask = flipdim(mask,1); 
     
    V_mask.fname=[PPath 'Mask_cordelia_rotate_change_fliped.nii']; 
    V_mask.descrip='MRS_Voxel_Mask'; 
    V_mask.dim=V.dim; 
    V_mask.dt=V.dt; 
    V_mask.mat= V.mat; 
    V_mask=spm_write_vol(V_mask,mask); 
     
    %===================preveg==================== 
    VP= spm_vol([PPathPFile]); 
    preveg_mat = VP.private.dat(:,:,:) .* mask; 
     
    % VOI volume 
    preveg = numel(find(preveg_mat~=0)); 
    % whole brain volume 
    whole =  numel(find(VP.private.dat(:,:,:)~=0)); 
    %================================================= 
    % percentage from voi, multiplied by mask already 
    gm = numel(find(preveg_mat==2)) 
    wm = numel(find(preveg_mat==3)) 
    csf = numel(find(preveg_mat==1)) 
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    gw=gm/wm  
     
    %alternative of gm/wm/scfprecentage: whole brain volume 
    gm_brain = gm / whole 
    wm_brain = wm / whole 
    csf_brain = csf / whole 
     
    % voi 
    gm_per = gm / (gm+wm+csf) 
    wm_per = wm / (gm+wm+csf) 
    csf_per = csf / (gm+wm+csf) 
     
    %alternative of gm/wm/scfprecentage: VOI volume 
    gm_voi = gm / preveg  
    wm_voi = wm / preveg 
    csf_voi = csf / preveg 
     
    gm_fra = gm / (gm+wm) 
    wm_fra = wm /(gm+wm) 
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